Indentation-based deformation is affected by the type of Laves phase present in the microstructure.
Introduction
Laves phases have become a promising strengthening agent in alloys suitable for automotive, aerospace and petrochemical applications, where Laves phase-reinforced alloys exhibit high strength along with 
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Materials and Design j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m a t d e s superior hardness [1] [2] [3] . Hence, research interests have been increasingly investigating the deformation and strength characteristics of Laves phases, which may be favorable to develop an improved Laves phase-reinforced alloy for several structural applications. Usually, the following three types of Laves phases are formed with AB 2 compositions of various elements: (i) C14, (ii) C15 and (iii) C36 [4] . The prototype structures of C14-type, C15-type and C36-type Laves phases are MgZn 2 , MgCu 2 and MgNi 2 respectively [5] . Among these three types of Laves phases, C14-type and C15-type phases are formed frequently, whereas the C36-type phase is rarely formed [6] . The formation of Laves phases primarily depends on a geometric parameter, i.e., atomic radii ratio of A and B atoms (where A has a relatively larger atomic size and B has a relatively smaller atomic size), the electronegativity difference between A and B atoms and the valence electron concentration [7] [8] [9] . Other than these, the transformation of Laves phase from other phases is also possible when an alloy undergoes a thermal processing and/or mechanical deformation [10, 11] . Furthermore, C14-type phases possess a hexagonal close-packed (hcp) structure [12] , whereas C15type phases have a face-centered cubic (fcc) structure [1] . Therefore, the deformation and strengthening behavior of C14-type and C15type Laves phases towards the dislocation activities should be different from each other due to different crystal structures.
It is well-known that indentation methods are non-destructive, less time consuming, more simplistic and inexpensive compared to conventional mechanical testing methods and they can effectively elucidate the deformation characteristics of a material [13] . The formation of crack and/or deformation bands occurs around and beneath the impression of hardness indentation [14, 15] . Based on these features, deformation behavior and other mechanical properties such as hardness, elastic modulus, strain-hardening exponent, yield strength and fracture toughness can be estimated using indentation methods [16, 17] , where these properties are correlated directly with the microstructure of a material [18] . Considering these advantages, the Vickers micro-indentation method was chosen in this work to investigate the deformation features of the investigated alloys.
It has been reported that a C14-type Laves phase forms in Ti-Zr-Fe-Mn alloys [19] and a C15-type Laves phase precipitates in Ti-Zr-Fe-Cr alloys [1] . The values of atomic radii ratio for both the Ti-Zr-Fe-Mn and Ti-Zr-Fe-Cr systems are N1.200, which is very close to the ideal value of atomic radii ratio (1.225) for forming the Laves phase [1, 19] . Therefore, Laves phases precipitate in the investigated Ti-Zr-Fe-Mn and Ti-Zr-Fe-Cr alloy systems when the alloys are rapidly cooled. On the other hand, Strukturbericht designation (C14/C15/C36) and volume fraction of the Laves phase (V f, Laves ) depend on the alloying elements and their quantities [8, 20] . Hence, the quantities of alloying elements in the two aforementioned systems of alloys are selected in such a manner that the C15 phase is formed in the Ti-Zr-Fe-Cr alloys and the C14 phase is precipitated in the Ti-Zr-Fe-Mn alloys according to their respective phase diagrams and the findings in the previous literature [1, [19] [20] [21] [22] [23] [24] [25] . Moreover, apart from the mechanical characterizations of the Ti-Zr-Fe-Mn alloys containing a C14 phase and the Ti-Zr-Fe-Cr alloys containing a C15 phase, the deformation and strength characteristics of C14 and C15 type phases in the two aforementioned quaternary alloy systems can also be a great area of research in the development of improved highstrength alloys.
Hence, considering the points discussed above, two C14-type alloys, i.e., Ti-35Zr-5Fe-6Mn (wt%) (abbreviated as TZF6) and Ti-35Zr-5Fe-8Mn (wt%) (abbreviated as TZF8) [19] , and one C15-type alloy, i.e., Ti-33Zr-7Fe-4Cr (wt%) (abbreviated as TZ74) [1] were selected in this work. The primary aim of selecting the TZF6 and TZ74 alloys was to compare the indentation-based deformation and dislocation-pinning behavior of C14-type and C15-type Laves phases in the body-centered cubic (bcc) βtitanium (Ti) matrix because TZF6 (7.0 ± 0.5%) [19] and TZ74 (7.6 ± 0.7%) [1] comprise nearly identical V f, Laves . On the other hand, V f, Laves for TZF8 is 19.4 ± 0.4% [19] , which is greater than other two selected alloys (i.e., TZF6 and TZ74). Thus, the present work also investigates the effects of higher V f, Laves (19.4 ± 0.4%) on the deformation characteristics of TZF8. In addition, Ti alloys comprising a β phase were selected in this work because β-Ti alloys can be used in many structural and biomedical applications [26, 27] as β-Ti alloys possess a low density and exhibit a superior balance of strength and ductility as well as excellent corrosion resistance [28] [29] [30] . The β phase in Ti alloys comprises a bcc structure which is also effective in improving bulk plasticity of Laves phase-reinforced alloys [2, 9] . The advantage of the bcc matrix is that it possesses a total of 48 slip systems and exhibits high dislocation density after deformation in multi-phase alloys due to the dislocation-pinning produced by second phase precipitates/particles [28, 31, 32] . Second phase precipitates/particles produce a stress field, which hinders the dislocation motion to pass through them due to comprising different atomic sequence and/or different crystal structure. This phenomenon is known as dislocation-pinning. In the present work, dislocation-pinning could be produced by the precipitated Laves phases (C14 and C15) at the Laves (C14/C15)-β interfaces, which usually leads to an improved strengthening effect in an alloy. Consequently, dislocation activities at Laves (C14/C15)-β interfaces and in the interior of Laves (C14/C15) phases are investigated with aim to shed insight into: (i) the deformability of C14 type and C15 type Laves phases, (ii) the occurrence of dislocation-pinning and (iii) the precipitation strengthening due to the presence of respective Laves phase (C14/ C15). These findings are useful in optimizing strength and plasticity in emerging Laves phase-reinforced alloys.
Experimental procedure
TZF6, TZ74 and TZF8 were first cast from the alloying elements with a purity of 99.9% using a cold crucible levitation melting furnace and then rapidly quenched in a water-cooled copper crucible. Multiple cylindrical rods (4.6 mm diameter) of each alloy were produced from the respective cast ingot using wire electrical discharge machining. Eight Vickers micro-hardness indentations were performed at room temperature on multiple samples of each alloy using a Zwick Roell ZHU at: 5 kgf (49.03 N), 10 kgf (98.06 N) and 30 kgf (294.19 N) and at a dwelling time of 20 s. The bonding-interface technique was used to study the subsurface deformation features [14, 33] . Scanning electron microscopy (SEM) was performed using a FEI Verios XHR 460 microscope. Transmission electron microscopy (TEM), selected area electron diffraction (SAED) and energy dispersive X-ray spectroscopy (EDX) were performed using a JEOL JEM-2100 microscope. The samples of each alloy for SEM were ground using SiC papers up to 2000 grits and then polished using a Struers MD-Chem polishing cloth with a presence of Struers OP-S colloidal silica, according to standard metallographic procedures. Specimens for TEM were prepared from the 3 mm discs by electropolishing in a mixture of ethanol and perchloric acid with a proportion of 9:1 by volume at a temperature of −30°C with an electrode voltage of 30-90 V [34] . Microstructure, indentation-based deformation and strength characteristics of Laves phases were analyzed using SEM, TEM, EDX and SAED patterns. ImageJ software was used for all the types of length measurements discussed in this work. The reported values of V f, Laves were estimated using ImageJ software (threshold function) from the low-magnification backscattered SEM images of all the investigated alloys. Table 1 summarizes the information of phase constituents (including Strukturbericht designation and chemical formula of Laves phases), V f, Laves , V β , lattice parameters, grain size, lamellar spacing, yield strength and plastic strain for the investigated alloys, as reported in Ref. [1, 19] . The values of these properties are used to carry out further discussion related to deformation characteristics of the investigated alloys in this work. The inverse correlation between yield strength and grain size for the TZF6, TZ74 and TZF8 alloys can be seen in Table 1 . The reason for such an inverse correlation in the investigated alloys is grain boundary strengthening which occurs according to the Hall-Petch relationship [35] [36] [37] [38] . The values of lamellar spacing (inside the Laves phase morphologies) are inversely correlated with the values of plastic strain presented in Table 1 for all the investigated alloys. On the other hand, V f, Laves of TZF6 and TZ74 are almost identical (Table 1) . Therefore, it is quite motivating, based on the results presented in Table 1 , to further investigate and compare the deformation and dislocation-pining behavior of the C14-type phase in TZF6 and the C15-type phase in TZ74.
Results and discussion
Figs. 1-3 illustrate the SEM images of hardness indentations obtained at 294.19 N for the investigated alloys. Figs. 1b, 2b and 3b display the precipitated eutectic morphologies (white) of C14 and C15 phases over the β matrix [1, 19] . Inside the eutectic morphologies of Laves phase (C14/C15), the white regions are the regions of the Laves phase, Table 1 The summary of phase constituents, V f, Laves (volume fraction of Laves phase), V f,β (volume fraction of β phase), lattice parameters (ɑ), grain size, lamellar spacing, yield strength and plastic strain for the TZF6 (Ti-35Zr-5Fe-6Mn), TZ74 (Ti-33Zr-7Fe-4Cr) and TZF8 (Ti-35Zr-5Fe-8Mn) alloys.
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Phase constituents while the dark grey regions are with the β phase. Note that the regions of β phase (dark grey) present inside the eutectic morphologies of C14and C15-type Laves phases (shown in Figs. 1-3) are not considered while estimating V f, Laves (as presented in Table 1 ). The indentation size effect (ISE) in the present work features for the investigated alloys as hardness of the as-cast alloys decreases as the indentation-load increases from 49.03 N to 294.19 N ( Fig. 4) [43] . ISE generally depends on the geometrically required dislocations, surface morphology, tip defects, creep and so on [44, 45] . Established literature acknowledges that ISE vanishes at critical load and the values of hardness do not decrease further after critical load [46] . However, in the present work, this phenomenon (vanishing of ISE at certain load) is not observed in hardness testing performed until 294.19 N as the decreasing trend of hardness continues in hardness testing performed until 294.19 N (from 49.03 N) for the investigated alloys. The crack/deformation features formed around the indentations of TZF6 can be compared with those of TZ74 in Figs. 1 and 2 , while the effect of high V f, Laves on crack/deformation patterns of TZF8 can be seen in the form of cracks in the SEM images shown in Fig. 3 , as evidenced by the large cracks at the indentation-vertices of TZF8 when compared to TZ74 and TZF8. Although cracks at the indentation vertices are a common feature for brittle materials, the formation of cracks around the indentation depends on the underlying microstructure [18] . In case of two-phase alloys in which one phase is very brittle and the other is soft, there is a little possibility of the crack-formation at indentation-vertices if indentation vertices are located on a soft phase [18, 19, 47] . This phenomenon can be supported in the indentation images of the as-cast alloys as cracks deflect along the brittle C14 and C15 type Laves phases ( Figs. 1-3 ). This clearly indicates that the β phase absorbs more fracture energy than Laves phases and dissipates the absorbed fracture energy to plastic deformation.
Other than cracks, slip bands are formed (because of dislocation motion) around indentations of the investigated alloys [48, 49] . Table 2 presents the measured size of deformation zone around the indentations (δ) (at 98.06 N and 294.19 N) for the investigated alloys. The values of δ evidently increase as the load increases from 98.06 N to 294.19 N. In those indentations taken at 98.06 N and 294.19 N, the highest values of δ are obtained in TZ74, followed by TZF6 and TZF8 (Table 2) , which indicates that the C15-type TZ74 alloy has better plastic deformability 
Table 2
The values of measured δ (size of deformation zone around the indentations) and theoretical size of deformation zone δ K obtained at indentation-loads (P) of 98.06 N and 294.19 N for the TZF6 (Ti-35Zr-5Fe-6Mn), TZ74 (Ti-33Zr-7Fe-4Cr) and TZF8 (Ti-35Zr-5Fe-8Mn) alloys. than the C14-type TZF6 and TZF8 alloys. According to the continuum model suggested by Kramer et al. [50] , the theoretical size of deformation zone (δ K ) around the indentation can be calculated by Eq. (1):
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where P is indentation-load and σ 0.2 is yield strength. As such, the theoretical values of δ K were calculated for the investigated alloys at 98.06 N and 294.19 N. It is interesting to note that these δ K values are close to those of the measured δ ( Table 2 ) at 98.06 N but not at 294.19 N. This means that the Kramer's continuum model is valid in predicting δ up to a certain load limit. Moreover, the size of the indent remains smaller for the indents taken at 49.03 N compared with the sizes of the indents taken at 98.06 N and at 294.19 N. Therefore, in hardness testing, the indents taken at 98.06 N and 294.19 N cover a larger region of the microstructure comprising β phase and Laves (C14/C15) phase morphologies in the investigated alloys than those taken at 49.03 N. Therefore, the deformation features obtained at 49.03 N have not been used in this work. Figs. 5 and 6 show the back-scattered SEM images of subsurface morphologies obtained at 98.06 N for the TZF6 and TZ74 alloys respectively. In TZF6 and TZ74, two types of deformation-induced slip steps are found: (i) primary (semi-circular) slip steps and (ii) secondary (radial) slip steps which usually propagate along the top indentation surface or from indenter tip [14] . Radial slip steps are shown in Figs. 5b and 6a and are indicated by small yellow arrows in Fig. 6b . The semicircular and radial slip steps are formed because of the radial and shear stress components respectively and moreover, radial slip steps are usually formed after the semi-circular slip steps [33] . As the indentation performed for TZF6 at 98.06 N was around 10°inclined from the bonded interface, the epicentres of semi-circular slip steps are orientated towards left from the indenter tip. However, it is noteworthy to see that the C14 phase blocks the propagation of slip steps. As a result, accumulation of slip steps occurs just above the C14 phase, which can be clearly seen in Figs. 5a and 5c . Consequently, the C14 phase becomes a high-stress concentrated region which leads to the crack formation along the C14 phase (as indicated by white arrows in Fig. 5a ). Further, new sets of semi-circular slip steps and radial slip steps are also formed below the C14 phase where the fracture line is shown by white arrows.
By contrast, the blockage behavior of C15 phase is not observed in TZ74 as the propagation direction of slip steps is barely disturbed below the C15 phase ( Figs. 6b and 6c ). In fact, slip steps propagate along the C15 phase in Fig. 6c (as indicated by yellow arrows) . This shows that slip steps can propagate through the C15 phase but cannot do so through the C14 phase because the respective crystal structure of each phase may influence the dislocation activity and therefore the propagation of slip steps.
Furthermore, fewer slip steps are found in subsurface morphologies obtained at 98.06 N and 294.19 N for TZF8 ( Fig. 7) compared to TZF6 and TZ74. A large crack is also found at 294.19 N in TZF8 (Fig. 7d) , which indicates that TZF8 is more brittle compared to TZF6 and TZ74. In addition, spacing between slip steps (S) in subsurface morphologies obtained at 294.19 N was measured from the indenter tip in the four different zones as depicted in Table 3 . It is evident that S increases as the distance of slip steps increases from the indenter tip [14, 51] . This means that slip steps remain closely spaced near the indenter tip and widely spaced as the distance of slip steps increases from the indenter tip. A lower value of S indicates the occurrence of large plastic deformation, while a higher value of S suggests less plastic deformation in the respective zones [14] . Table 3 demonstrates that S for TZ74 is the lowest in all four zones followed by TZF6 and the highest in TZF8. The values of S reveal that TZ74 has a better plastic deformability than TZF6 and TZF8. Table 3 summarizes the measured size of the subsurface deformation zone (λ) for the investigated alloys at 98.06 N and 294.19 N. Giannakopoulos and Suresh [16] have suggested that λ can be estimated by Eq. (2): where P is indentation load and σ 0.2 c is yield strength in compression.
Based on Eq. (2), λ for all the as-cast alloys was calculated at 98.06 N and 294.19 N and the corresponding results are summarized in Table 3 . For the investigated alloys, there is a little difference between the measured and calculated values of λ obtained at 98.06 N; nonetheless, there is a significant difference between the measured and calculated values of λ obtained at 294.19 N. This indicates that the Giannakopoulos-equation is also valid for calculating λ up to a certain load limit. Other than this, the measured and calculated values of λ at 98.06 N and 294.19 N for TZ74 are greater than the corresponding ones of TZF6 and TZF8. The values of λ and S indicate better plastic deformability in TZ74 than in TZF6 and TZF8. A change in the direction of dislocation motion occurs when dislocations pass through grain boundaries or through the second phase precipitated on grain boundaries, because each grain has different crystal orientation [52] [53] [54] [55] . Therefore, the dislocation activities in each grain remain different depending on the number of active slip systems and crystallographic orientation [54] . This phenomenon can be observed in grains G1-G10 shown in Fig. 7 as multiple types/sets of slip steps in individual grains in different directions are formed in grains G1-G10.
The TEM images were taken over the deformed C14 ( Fig. 5d ) and C15 phases ( Fig. 6d) as well as over the C14-β ( Fig. 5e ) and C15-β interfaces (Fig. 6e ). The C14, C15 and β phases are shown in Figs. 5 and 6. The morphologies of C14 and C15 eutectic phases look similar; however, their crystal structures remain different [56, 57] . This can be confirmed by SAED patterns of C14 and C15 presented in Figs. 5d and 6d which reveal the hcp structure of C14 at a zone axis (ZA) of ½2110 and the fcc structure of C15 at a ZA of ½111. On the other hand, Figs. 5e and 6e reveal the bcc structure of β phase at a ZA of ½111 in the respective investigated alloys.
In Fig. 5d , dislocation activities in the C14 phase (dark) is not observed, while dislocations are evident in the β-bcc matrix. Dislocation pile-ups are also shown in Fig. 5d using white arrows. Moreover, immense dislocation density can be seen in Fig. 5e which was captured outside the C14 phase at the C14-β interface. In Fig. 5e , parallel arrays of dislocations are found, which look like screw dislocations. Additionally, dislocation tangles at many places are also evident in the β region ( Fig. 5e ). Further, intensive dislocation pile-ups at the C14-β interface can also be clearly seen. Figs. 5d and 5e reveal dislocation-less features in the C14 phase and its strong blockage behavior to dislocation motion because a hcp structure comprises only 3 slip systems and it is not intended to deform much, which makes this phase a high-stress concentration region and causes failure of the phase without showing much plastic deformation [58] .
By contrast, in Fig. 6d , several dislocations and stacking faults (SFs) are found in the C15 phase (dark). SFs shown in Fig. 6d are probably formed on the same plane. SFs are planer defects in which the regular stacking sequence is disturbed and SFs usually play a significant role in improving plasticity of crystals along with dislocations [58] . Moreover, dislocation pile-ups also occur at the C15 phase boundary (Fig. 6d) . Interestingly, transfer of slips from bcc to fcc at C15-β interfaces are also found at many places in Fig. 6d (white arrows) , which improves bulk plasticity [59] . Therefore, TZ74 exhibits better plasticity than TZF6. Less dislocations are also observed in the β phase present inside the C15 phase; however, such a low dislocation number is still greater than those found in the β phase present inside the C14 phase. In Fig. 6e , gliding of dislocations form many dislocation loops. Dislocation loops also intersect with other loops, which is known as cross slips that do not disturb the dislocation motion of other loops. Furthermore, although dislocation pile-ups are also seen at the C15 phase boundary in Fig. 6e ; however, the pile-ups are not as intense as observed in Fig. 5e. Figs. 6d and 6e reveal that the C15 phase has better deformability than the C14 phase because a fcc structure comprises more slip systems (12 in total) than a hcp structure (3 in total). Consequently, intensive dislocation pile-ups occur at the phase boundary of the C14 phase than that of the C15 phase. Hence, TZF6 exhibits higher yield strength and hardness, while it demonstrates lower plastic strain than TZ74 even though both comprise the same V f, Laves (Table 1) . On the other hand, plastic deformation is evident in the C15 phase (Fig. 6c ). This means that more than five slip systems should be active in the C15 phase according to the Von-Mises criterion [58] .
Conclusions
The following are the main concluding remarks of the present work.
• The indentation-based deformation characteristics of the C14-type Laves phase in Ti-35Zr-5Fe-6Mn and the C15-type Laves phase in Ti-33Zr-7Fe-4Cr are carried out and compared with each other. • The results in this work demonstrate that the type of Laves phase (C14/C15) and the volume fraction of Laves phase influence the indentation-based deformation characteristics. • Although dislocation pile-ups occur at the phase boundaries of both C14 and C15 phases, the C14-type Laves phase immensely hinders the dislocation motion compared to the C15-type Laves phase. Therefore, the precipitation strengthening (dislocation pinning) ability of the C14 phase is better than the C15 phase. Table 3 The values of S (spacing between slip steps) measured at 294.19 N and the measured and calculated values of λ (size of the subsurface deformation zone) at 98.06 N and 294.19 N for TZF6 (Ti-35Zr-5Fe-6Mn), TZ74 (Ti-33Zr-7Fe-4Cr) and TZF8 (Ti-35Zr-5Fe-8Mn).
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